In present study we have synthesized highly crystalline hydrogenated nanocrystalline silicon (nc-Si:H) thin films by hot wire method. The obtained thin films were characterized by using low angle-XRD, Raman spectroscopy, non-contact atomic force microscopy (NC-AFM) and UV-Visible spectroscopy. The low angle-XRD analysis revealed that the obtained nc-Si:H thin films are polycrystalline and have preferred orientation along (111) direction. Formation of nc-Si:H films are further confirmed by Raman spectroscopy analysis. The UV-Visible spectroscopy analysis showed that the synthesized films have sharp absorption edge in visible region and has direct band gap of 1. 94 eV. Finally, nc-Si:H based photo-detector have been prepared at optimized process parameters which show an excellent response time (1.79 s) and -8 4 -6 recovery time (1.71 s) along with responsivity ( 9.8x10 A/W), detectivity ( 5.5x10 Jones) and quantum efficiency ( 27.37x10 %). The obtained results demonstrate a significant step towards nc-Si:H based photo-detector for broadband photo-detection applications.
Introduction
Photo-detectors or photo-sensors are essential in opto-electronic devices for a variety of applications, ranging from biomedicine to optical 1, 2 storage. Semiconductor materials from various groups such as group IV elements (Si, Ge), group III-V compounds (GaN, GaAs, InP), and group II-VI compounds (ZnS, ZnO, CdS, CdSe) are most commonly used in photo-detectors. Most of them require a relatively long response time and recovery time and thus limits their practical applications.
The crystalline silicon (c-Si) is the most commonly used in nanoelectronics technology due to its enormous availability in the earth 3 4 crust, high mobility and high temperature stability etc. Furthermore, c- 10 -3 Si has superior intrinsic concentration ( 10 cm ) that leads to small leakage current, the most important aspect in nano-electronics device 5 21 -3 fabrications and maximum solid solubility of dopants (~ 10 cm ) so that one can change the carrier type and concentration in a very large 6 range for optimum operation of the devices. However, it fails for device applications in opto-electronics due to its indirect band gap. The nanoscale Si (nc-Si) materials with size dependent properties are potential 7 candidates for photonic devices. The material has been successfully 8 9 10 11 employed in solar cells, transistors, sensors, field emission, water 12 13 14 15 16 splitting, super-capacitors, waveguides, coatings, photo-detection etc There are several methods/approaches reported in literature for . synthesis of device quality nc-Si thin films such as pulsed laser 17 18 deposition (PLD), atomic layer deposition (ALD), hot wire chemical 19 vapour deposition (HW-CVD) or simply hot wire method, plasma 20 21 enhanced chemical vapour deposition (PE-CVD), sputtering etc. The inherent indirect band gap of c-Si (~ 1.1 eV) limits its ability to convert light below its band edge into photocurrent. The photocurrent can be generated only when the photon energy is slightly higher than the Schottky barrier height. In addition, the undesirable near infrared (NIR) photo-response due to small band gap causes additional optical noise but when coupled with optical filter technique increase structural 22 complexity and cost dramatically. 23 Knight et al. proposed a distinguished concept of using an active antenna for photo-detection well below the band edge of the semiconductor material. Using filtered cathodic vacuum arc (FCVA) 24 technique Tripathi et al. developed phosphorous doped hydrogenated amorphous silicon carbide (P doped a-SiC:H) thin film photo detectors at room temperature having fast response and recovery time. Later, 25 using the same technique Kesarwani et al. synthesized phosphorus doped amorphous/nanocrystalline silicon thin film photo detectors in the presence of hydrogen gas having good fast response and recovery time. 26 Recently, Tripathi and others reported nc-Si:H based photo-detector having fast response time (4.92 s) and recovery time (4.06 s) using filtered cathodic vacuum arc technique at room temperature. Due to quantum confinement the nano-sized Si based photodetectors are not only detect photons below its band edge but also provide a great potential for on-chip silicon photonics. With this motivation an attempt has been made to prepare device quality nc-Si:H films and to fabricate photo-detector device using it by hot wire method. The photo-detector shows excellent response time (1.79 
Experimental

Synthesis of nc-Si:H thin films
Intrinsic nc-Si:H films were deposited on Corning #7059 glass in a locally fabricated hot wire system, details of which have been described 27 elsewhere. Films were prepared by using pure silane (SiH ) as Si 4 source gas and hydrogen (H ) as dilution gas. The flow rate of SiH and 2 4 H are kept constant at 2.5 sccm and 50 sccm respectively while 1.3332x10 mbar. Prior to each deposition, the substrate holder and o deposition chamber were baked for two hours at 100 C to remove any water vapours absorbed on the substrates and to reduce the oxygen contamination in the film. After that, the substrate temperature was brought to desired value by appropriately setting the inbuilt thermocouple and temperature controller. The deposition was carried out for desired time and films were allowed to cool to room temperature in vacuum.
Characterization techniques
The transmittance and reflectance spectra of nc-Si:H films were measured using a JASCO, V-670 UV-Visible spectrophotometer in the range 300-1800 nm. The optical band gap of was deduced using the method followed by Tauc. Raman spectra were recorded with Renishaw laser. The power of the Raman laser was kept to less than 5x10 W to avoid laser induced crystallization in the films. Low angle x-ray diffraction pattern were obtained by x-ray diffractometer (Bruker D8 Advance, Germany) using Cu K line ( = 1.54056 Å). The patterns λ α 0 were taken at a grazing angle of 1 . The average crystallite size was estimated using the classical Scherrer's formula. The surface morphology of the films has been investigated using non-contact atomic force microscopy (NC-AFM) (Bruker MultiMode 8 HR, Germany). Thickness of films was determined by profilometer (KLA Tencor, P-16+) and was further confirmed by UV-Visible spectroscopy using the 28 method proposed by Swanepoel.
Results and Discussion
The process parameters play a crucial role in determining the film properties in hot wire method. These parameters affect the film properties in different ways and in order to obtain desired film properties an optimum set of the parameters is to be selected. Although a particular set of optimized process parameters designed for a particular deposition system do not necessarily apply universally, but only serve as a good guideline. Our group has analysed the influence of various hot wire process parameters on film properties to obtain device quality nc-Si:H films. Therefore, in this article, first we will be discussing the formation of nc-Si:H films at optimized process parameters (see Table 1 ) of our hot wire reactor. Later, we present the sensor properties of nc-Si:H based photodetector.
Low angle XRD analysis
In order to confirm the formation of nc-Si:H film by hot wire method, low angle-XRD and Raman spectroscopy have been used. the results reported in the literature and support to the formation of nc-Si:H films by hot wire method. The dominant peak is (111), indicating that the crystallites in the film have preferential orientation in (111) direction. The average crystallite size (d ) of Si crystallites was deduced using
x-ray 31
Debye-Scherrer's formula, where, is the wavelength of diffracted radiation, is the Bragg angle B λ θ and is the line width (FWHM) in radians. The calculated value of β crystallite size was found ~ 5 nm. These results are in consistent with the nc-Si:H films prepared by hot wire method at different filament 32 temperatures by Gogoi et al.
Raman spectroscopy analysis
Raman spectroscopy is a very powerful and non-destructive characterization method used to investigate the structure of materials because it gives a fast and simple way to determine the phase of the material, whether it is amorphous, crystalline or nanocrystalline. Thus, to confirm the formation of nc-Si:H, Raman spectroscopy was used. Fig. 2 show Raman spectrum of Si:H film deposited by hot wire method at optimized process parameters. The Raman spectra show a -1 satellite shoulder centred ~ 514.17 cm , associated with the Transverse 33 Optic (TO) phonon peak originating from nanocrystalline phase.
To estimate the volume fraction of crystallites (X ) and
Raman crystallite size (d ), the Raman was de-convoluted into three peaks Raman (Two Gaussian and One Lorentzian peak) with a quadratic base line 34 -1 using Levenberg-Marquardt method, a crystalline peak (~ 520 cm ), -1 -1 an amorphous peak (~ 480 cm ) and an intermediate peak, (~ 510 cm ). The typical de-convoluted Raman spectrum is shown in the inset of the Fig. 1(c) . The crystalline volume fraction (X ) is then calculated by (2)
Fig. 2
Room temperature Raman spectrum of nc-Si:H deposited using hot wire method at optimized process parameters. The inset shows deconvoluted Raman spectrum for the estimation of volume fraction of crystallites and crystallite size. 37 The crystallite size (d ) is then given by,
where ∆ is the peak shift compared to c-Si peak located ~ 520 cm ω Fig. 3 shows the optical properties of nc-Si:H prepared using hot wire method at optimized process parameters. Fig. 3(a) display the transmittance spectra of nc-Si:H prepared using hot wire method in the range 300-1800 nm. As seen from the transmission spectra a sharp absorption edge has been observed in visible region, indicating good degree of crystallinity and low defect density near the band edge. Furthermore, the nc-Si:H has maximum transmission in IR region. The presence of interferences fringes in film transmittance spectra indicates that the film has smooth surface morphology. Atomic force microscopy analysis further supports this (discussed later). The absorption coefficient (α) was estimated from transmission (T) and reflection (R) spectra in the wavelength range of 200-900 nm. The optical absorption coefficient (α) is calculated for each wavelength using the relation. 
UV-Visible spectroscopy analysis
where, d is the thickness of film. The optical band gap (E ) of the film opt was then calculated from the dependence of the absorption coefficient (α) on the photon energy (hν) taking into account for the semiconductor. For direct allowed transition, absorption coefficient (α) and band gap 40 can be expressed as,
where, B is an energy independent constant and n is a constant which determines type of optical transition (n = 1/2 for direct transition and n 
Atomic force microscopy (AFM) analysis
To study the morphology of nc-Si:H film, atomic force microscopy (AFM) measurements were performed in non-contact mode on the films deposited on corning glass at optimized process parameters. Fig. 4 shows the surface morphology of the nc-Si:H on 2 μm × 2 μm area of the films. It is clearly observed from the AFM image that the film is very uniform throughout the sample. The film consists of well resolved, large number of nearly spherical and uniform nano-crystallites each having an individual identity with its size in the range of ~ 20-25 nm. The root mean square (RMS) surface roughness of nc-Si:H was estimated from AFM image using Scanning Probe Image Processor (SPIP) software. The RMS surface roughness values of the films obtained from AFM 43 analysis was found 39 nm. Gope et al. also reported similar average crystalline size (~ 35.5 nm) and RMS surface roughness (~ 11.32 nm) for nc-Si:H films deposited at low process pressure (1.3332 mbar) using very high frequency plasma enhanced chemical vapor deposition (VHF PECVD) process.
3.5: Photo-detector properties
The photo-detector is fabricated by directly depositing nc-Si:H on corning glass using the optimized process parameters listed in Table 1 . The thickness of nc-Si:H layer is ~ 900 nm. Using metal mask silver (Ag) source and drain electrodes were deposited on nc-Si:H by vacuum evaporation technique. The schematic of nc-Si:H photo-detector device fabricated using optimized process parameters of hot wire method is shown in Fig. 5.   Fig. 5 Schematic of nc-Si:H photo-detector fabricated using hot wire method at optimized process parameters.
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The performance of nc-Si:H photo-detector was evaluated using Keithley 2612 source meter connected to PC through GPIB 488 A interface. For white light illumination PEC-L01 portable solar simulator was used which provide wide range of spectrum from Ultraviolet (UV) to near infrared (IR) region. In the present study, white light having 2 intensity 100 mW/cm have been employed for the photo-detector property measurements. The VIBGYOR filters were used to investigate wavelength dependant photo-detection investigation of nc-Si:H photodetector.
In many reviews and articles, the working principle of the photo- [44] [45] [46] detector is explained in detail. Basically, it is a sensor that is capable of converting incident light into electrical signal. Due to the incident light energy, electrons at the semiconductor surface get excited to new energetic conductive levels by leaving a hole behind. This photon excitation leads to generation of exciton (electron-hole pair, EHP). After the application of the electric field, the electron and hole drifts inside the crystal lattice and generate photocurrent. Sensitivity, response and decay time measurements are very important parameters in order to characterize the performance of the photo-detector. photo-detector under dark and illumination of different light (VIBGYOR) filters in the range of -1 V to 1 V. It is clear from the graph that the resistance of nc-Si:H decreases after illumination of light. The photocurrent strongly depends on 47 electron-hole separation and thermal mechanisms. On absorption of photons the photo-detector material, nc-Si:H create extra charge carriers, electrons and holes which drift in opposite directions towards sourcedrain metal leads. This reduces the electrical resistance and results in a net increase in the photo-current. These results confirms the semiconducting behaviour of nc-Si:H by hot wire method.
The time dependent current response of nc-Si:H photo-detector for repeated cycles is illustrated in Fig. 7. Fig. 8 The obtained response and recovery time for nc-Si:H photodetector are compared with some other photo-detector materials and corresponding fabrication methods are listed in Table 2 .
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As evident from Table 2 that the nc-Si:H based photo-detector has excellent response and recovery time compared to other photo-detector materials.
The photo-sensitivity of photo-detector (S %) is defined as the ratio between the difference in photo current (I ) and dark current (I ) photo dark 48
values to the dark current, Fig. 9 shows sensitivity of photo-detector obtained at different colours of the radiation spectra.
As seen from the figure for hot wire deposited nc-Si:H photodetector has the highest sensitivity ( 24 %) for the white light and lowest for the green light ( 12 %).
Photo-responsivity, photo-detectivity and external quantum efficiency measurements are very important parameters in order to describe the performance of photo-detector. The photo-responsivity (R ) λ refers to the photo-excited current generated per unit power of incident 53 light on the effective area of the photo-detector and is given as,
where ΔI = (I -I ) is the effective change in the emission current 
x x x % 100 where h is a Plank's constant, c is a velocity of light; e is charge of the electron and λ is a wavelength of the incident radiations The quantum -6 efficiency of nc-Si:H photo-detector was found 27.37x10 %.
For photo-detectors one of the essential parameter is detectivity (D*), which gives a measure of quality of device. It helps in comparing distinct devices with different area and geometries. It is measured in the 55 unit of Jones and is given by, 
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where, J is the dark current density. We observed the value of Dark 4 detectivity (D* ~ 5.5x10 Jones) for nc-Si:H photo-detector. Noise from the dark current, Johnson noise, generation-recombination noise, and 56 thermal fluctuation (flicker noise) limits the detectivity.
Conclusion
We have synthesized hydrogenated nanocrystalline silicon (nc-Si:H) thin films using hot wire method. Formation of nc-Si:H have been confirmed by low angle-XRD and Raman spectroscopy analysis. The low angle-XRD and Raman spectroscopy analysis revealed that nc-Si:H thin films are highly crystalline and crystallites have preferred orientation along (111) direction. Formation of nc-Si:H thin films were also confirmed by non-contact atomic force microscopy which formation of well resolved, large number of nearly spherical and uniform Si nano-crystallites having average size in the range of ~ 20-25 nm. The UV-Visible spectroscopy analysis showed that the synthesized films have sharp absorption edge in visible region and has direct band gap of 1.94 eV. The photodetector fabricated using nc-Si:H shows excellent response time (1.79 s) and 
